The orphan G-protein-coupled receptor GPR109B is the result of a recent gene duplication of the nicotinic acid and ketone body receptor GPR109A being found in humans but not in rodents. Like GPR109A, GPR109B is predominantly expressed in adipocytes and is supposed to mediate antilipolytic effects. Here we show that GPR109B serves as a receptor for the ␤-oxidation intermediate 3-OH-octanoic acid, which has antilipolytic activity on human but not on murine adipocytes. GPR109B is coupled to G i -type G-proteins and is activated by 2-and 3-OH-octanoic acid with EC 50 values of about 4 and 8 M, respectively. Interestingly, 3-OH-octanoic acid plasma concentrations reach micromolar concentrations under conditions of increased ␤-oxidation rates, like in diabetic ketoacidosis or under a ketogenic diet. These data suggest that the ligand receptor pair 3-OH-octanoic acid/GPR109B mediates in humans a negative feedback regulation of adipocyte lipolysis to counteract prolipolytic influences under conditions of physiological or pathological increases in ␤-oxidation rates.
The orphan G-protein-coupled receptor GPR109B is the result of a recent gene duplication of the nicotinic acid and ketone body receptor GPR109A being found in humans but not in rodents. Like GPR109A, GPR109B is predominantly expressed in adipocytes and is supposed to mediate antilipolytic effects. Here we show that GPR109B serves as a receptor for the ␤-oxidation intermediate 3-OH-octanoic acid, which has antilipolytic activity on human but not on murine adipocytes.
GPR109B is coupled to G i -type G-proteins and is activated by 2-and 3-OH-octanoic acid with EC 50 values of about 4 and 8 M,
respectively. Interestingly, 3-OH-octanoic acid plasma concentrations reach micromolar concentrations under conditions of increased ␤-oxidation rates, like in diabetic ketoacidosis or under a ketogenic diet. These data suggest that the ligand receptor pair 3-OH-octanoic acid/GPR109B mediates in humans a negative feedback regulation of adipocyte lipolysis to counteract prolipolytic influences under conditions of physiological or pathological increases in ␤-oxidation rates.
Triacylglycerols stored in the white adipose tissue serve as the major energy reserve in higher eukaryotes (1) . Although they are constantly turned over by lipolysis and re-esterification, their mobilization and storage are precisely balanced by various hormones and other factors depending on the nutritional state (2) . The net rate of lipolysis is increased during fasting or periods of increased energy demand. Fatty acids generated via lipolysis undergo ␤-oxidation in the muscle and liver to serve directly as a source of energy or as a precursor for ketone bodies (3) . The major intracellular regulator of lipolysis is cyclic AMP, which stimulates cAMPdependent kinase to activate lipolytic enzymes (2, 4 -6) . This lipolytic pathway is induced, for example, via ␤-adrenergic receptors that couple to the G-protein G s and thereby stimulate adenylyl cyclase (7, 8) . To adjust lipolysis at the appropriate rate, the effects of prolipolytic stimuli are balanced by various antilipolytic influences. Besides insulin, which promotes the degradation of cAMP via activation of phosphodiesterase 3B (2, 5, 7), several antilipolytic stimuli decrease cAMP levels by activation of G i -coupled receptors, which mediate an inhibition of adenylyl cyclase (5, 8) . One of these receptors, GPR109A, has recently been shown to mediate the anti-lipolytic effects of high concentrations of the ketone body 3-OH-butyrate thereby providing a negative feedback mechanism during fasting (9, 10) . GPR109A also binds nicotinic acid (11) (12) (13) and mediates the anti-lipolytic effects of this anti-dyslipidemic drug (12) .
GPR109B, a close relative of GPR109A, is the result of a recent gene duplication being present in humans but not in rodents and most other mammals (14) . GPR109B differs from GPR109A in an extended C-terminal tail as well as in 16 amino acids (11, 13) . Despite its high homology to GPR109A, GPR109B does not bind nicotinic acid or 3-OH-butyrate with reasonable affinity (10, 11, 13) . Because GPR109A and GPR109B have very similar expression patterns (11, 13, 15) and are likely to have the same basic signaling properties, agonists of GPR109B are expected to have physiological and pharmacological effects comparable with those of the GPR109A agonist 3-OH-butyrate and nicotinic acid, respectively. Recently, several synthetic compounds as well as various aromatic D-amino acids have been shown to be selective agonists at GPR109B (16 -18) . However, endogenous physiological antilipolytic ligands of GPR109B are unknown.
In this study we tested endogenous carboxylic acids for their ability to activate GPR109B. We found that the fatty acid ␤-oxidation intermediate 3-OH-octanoic acid is a highly specific agonist of GPR109B. 3-OH-octanoic acid has anti-lipolytic activity, and its plasma concentration in humans reflects the ␤-oxidation flux. Our data suggest that 3-OH-octanoic acid and GPR109B mediate a negative feedback regulation of adipocyte lipolysis. ] i -CHO-K1 cells stably transfected with a calcium-sensitive bioluminescent fusion protein consisting of aequorin and green fluorescent protein (29) were seeded in 96-well plates and were transfected with the indicated cDNAs or control DNA (60 ng/well) using FuGENE 6 reagent (Roche Applied Science). Determination of [Ca 2ϩ ] i was performed by using a luminometer plate reader (Luminoskan Ascent, Labsystems) as described (12, 19) .
EXPERIMENTAL PROCEDURES
Neutrophils isolated from whole blood using a Histopaque gradient according to the manufacturer's instructions (Sigma) were washed and loaded with fluo-4 (10 M) for 15 min at 37°C. After washing, calcium mobilization was determined with a fluorescence microplate reader (Flexstation 3, MDS Analytical Technologies) in 100-l samples containing 10 6 cells/ml. GTP␥S Binding-To analyze receptor-mediated G-protein activation, plasma membranes were prepared from HEK-293T cells transfected with cDNAs encoding the indicated receptors, and the binding of [ 35 S]GTP␥S was determined in the absence and presence of the indicated ligands. Briefly, 50 g of membrane protein were incubated for 60 min at 25°C in a total volume of 100 l of buffer containing 100,000 cpm (0.4 nM) [ 35 S]GTP␥S, 1 mM EDTA, 5 mM MgCl 2 , 1 mM dithiothreitol, 100 mM NaCl, 10 M GDP, and 50 mM Tris-HCl, pH 7.4. Incubations were terminated by filtration over GF/B glass fiber filters (Whatman) followed by two 4-ml washes with ice-cold buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 0.02% CHAPS). Bound GTP␥S was determined by counting the filters in a liquid scintillation counter (Beckman).
Mutagenesis, Determination of cAMP Levels, and Phosphorylation of ERK-Generation of mutated versions of GPR109A and GPR109B receptors and determination of ERK phosphorylation and cAMP levels have been described (12, 19) .
Preparation of Mouse and Human Adipocytes and Determination of Lipolysis-Adipocytes from mouse epididymal fat or from human visceral fat were isolated according to the method of Rodbell (30) . Isolated adipocytes were incubated in the presence or absence of the indicated ligands and/or isoproterenol at 37°C in a shaking water bath. After 2 h medium samples were taken, and glycerol release from isolated adipocytes was measured using a colorimetric assay kit (Randox).
Analysis of 3-OH-Octanoic Acid and 3-OH-Butyrate LevelsSee supplemental material.
Human Plasma and Fat Tissue Samples-Patients with diabetic ketoacidosis were from the general hospital population, and the samples were de-identified excess volumes from samples that had been drawn for the measurement of 3-OH-butyrate. Patients under ketogenic diet were treated for severe drug-refractory epilepsy of unknown cause (patient 1) or for epilepsy because of glucose transporter type 1 deficiency (patient 2). Ketogenic diet was performed according to a standard protocol (31) . Visceral fat tissue samples were collected from patients undergoing abdominal surgery. The use of human tissue or blood for the analysis was approved by the local ethics committee (University of Heidelberg and Technical University Munich, Germany), and written informed consent was obtained from the patients or their parents.
RESULTS
The different affinity of GPR109A and GPR109B for nicotinic acid has been shown to be due to different amino acid residues especially in the first and second extracellular loop of the receptor (19) . However, an arginine residue at position 111, which is supposed to function as an anchor for the carboxylic acid ligands of GPR109A, is conserved in GPR109A and GPR109B. Given the fact that synthetic ligands of GPR109B are characterized by a carboxylic acid residue (13, 16, 17) , we tested a variety of naturally occurring carboxylic acids for their ability to activate GPR109B (Fig. 1A) . Using a heterologous expression system employing the promiscuous G-protein ␣-subunit G␣ 15 (20) , we found that 2-and 3-OH-octanoic acid activated GPR109B in a dose-dependent manner (Fig. 1, A-C) . The GPR109B-dependent activation of endogenous G-proteins by 2-and 3-OH-octanoic acid as determined by GTP␥S binding occurred with EC 50 values of 4 and 8 M, respectively (Fig. 1D) . To test whether this activation was specific for GPR109B, we tested the activity of 2-and 3-OH-octanoic acid on closely related receptors like GPR109A and GPR81 as well as on the fatty acid receptors FFA1 (GPR40), FFA2 (GPR43), and FFA3 (GPR41). Although GPR109A and the free fatty acid receptors were activated by nicotinic acid and free fatty acids, respectively (Fig.  1E) , none of the receptors responded to 2-or 3-OH-octanoic acid at concentrations up to 1 mM (Fig. 1, B and C) .
An increase as well as a decrease in the chain length of 2-and 3-OH-octanoic acids resulted in a strong reduction of activity (Fig. 2, A and B) , and a substitution in the 2-or 3-position of octanoic acid appeared to be crucial for the activity as octanoic acid itself had hardly any effect on GPR109B. An amino group instead of the 2-OH group severely reduced the potency on GPR109B, whereas an oxo group instead of the hydroxyl group did not change the potency but resulted in reduction in efficacy (Fig. 2C) . Thus, GPR109B is specifically activated by mediumchain carboxylic acids carrying an oxo or hydroxy group in the 2-or 3-position.
The analysis of GPR109B ligands was performed in cells expressing the promiscuous G-protein ␣-subunit G␣ 15 , which couples receptors to phospholipase C ␤-isoforms. In the absence of G␣ 15 , activation of GPR109B by 2-OH-octanoic acid had no effect on [Ca 2ϩ ] i . However, GPR109B mediated 2-OHoctanoic acid-induced activation of ERK1/2 and inhibition of isoproterenol-stimulated adenylyl cyclase activity in a pertussis toxin-sensitive manner (Fig. 2, D and E) . This indicates that GPR109B is coupled to G i -type G-proteins as shown previously for GPR109A (11) (12) (13) .
In addition to the extended C terminus, GPR109B differs from GPR109A in only 16 amino acids, of which 12 are nonconservative changes that are clustered around extracellular loops 1 and 2 (Fig. 3A) . Interestingly, a chimeric receptor in which the first three transmembrane regions, including the first extracellular loop, were from GPR109B and the C-terminal four transmembrane regions, including the second extracellular loop, were from GPR109A (GPR109B/GPR109A; Fig. 3B ) was activated by 2-OH-octanoic acid with the same potency and efficacy as GPR109B, whereas the GPR109A/GPR109B chimera was unresponsive (Fig. 3B) . This clearly indicates that GPR109B-specific amino acid residues in the N-terminal half of the receptor mediate the specific activation of GPR109B by 2-OH-octanoic acid. We therefore introduced GPR109B-specific amino acids into the N-terminal half of GPR109A and found that GPR109A (N86Y,W91S,M103V,L107F) gained the ability to be activated by 2-OH-octanoic acid (Fig. 3C) . Although reintroduction of the GPR109A-specific tryptophan in position 91 did not alter the responsiveness of the GPR109A (N86Y,W91S,M103V,L107F) mutant, reversion of each of the other three residues into the GPR109A-specific amino acid resulted in considerable or complete loss of activation (Fig. 3C) . Thus, we conclude that a tyrosine residue in position 86 as well as valine 103 and phenylalanine 107 in the third transmembrane region are critically involved in forming the selective binding site for OH-octanoic acid in GPR109B. Mutation of the conserved arginine residue in position 111 to alanine completely abrogated the activation of GPR109B by OH-octanoic acid (data not shown), suggesting that similar to GPR109A arginine 111 in the third transmembrane helix functions as an important anchor point for the carboxylic acid ligands of both receptors (19) . GPR109A and GPR109B appear to have very similar expression patterns (11, 13, 15) . Consistent with this, we found GPR109B coexpressed with GPR109A both in human adipose tissue and in neutrophils (Fig. 4A) . However, in contrast to GPR109A, GPR109B is encoded only in the human but not in the genome of rodents. Although the adenosine receptor ago- A, expression of GPR109A and GPR109B in human adipose tissue and neutrophils as determined by reverse transcription (RT)-PCR. B, white adipocytes were isolated from human or mouse, and glycerol release was determined after incubation without or with 50 nM (Ϫ)-isoproterenol (iso) and 500 M 2-OH-octanoic acid (2-OH-C8), 500 M 3-OH-octanoic acid (3-OH-C8), or 1 M (R)-PIA. Shown are mean values of triplicates Ϯ S.D.; **, p Ͻ 0.01; ***, p Ͻ 0.001 (compared with isoproterenol alone). C, effect of 100 M nicotinic acid (NA) or 3-OH-octanoic acid (3-OH-C8) on [Ca 2ϩ ] i in human or rat neutrophils. RFU, relative fluorescence units. D, plasma 3-OH-butyrate and 3-OH-octanoic acid levels in patients with various levels of diabetic ketoacidosis. Each point in the graph represents one patient. E, 3-OH-butyrate, 3-OH-octanoic, and 3-OH-hexanoic acid levels in a patient with diabetic ketoacidosis before (time 0) and after treatment. F, 3-OHbutyrate (left) and 3-OH-octanoic acid plasma concentrations (right) in two patients before (basal) and 8 (patient 1) or 40 days (patient 2) after initiation of a ketogenic diet.
nist (R)-PIA induced an inhibition of lipolysis both in human and mouse adipocytes, OH-octanoic acids were able to inhibit lipolysis only in human fat tissue (Fig. 4B) . Similarly, nicotinic acid was able to induce increases in intracellular free [Ca 2ϩ ] both in human and rat neutrophils, although only human cells responded to 3-OH-octanoic acid (Fig. 4C) . This is consistent with the idea that the human receptor GPR109B is responsible for the antilipolytic and other effects of OH-octanoic acids in human cells.
Although it is unclear whether 2-OH-octanoic acid plays a role in human metabolism, 3-OH-octanoic acid can be found at micromolar levels in the plasma of patients with fatty acid ␤-oxidation disorders (21, 22) . To test whether an increase in the rate of ␤-oxidation results in 3-OH-octanoic acid plasma levels sufficient to activate GPR109B, we analyzed patients with acute diabetic ketoacidosis (Fig. 4D) . 21 of 28 ketoacidotic patients showed strongly increased 3-OH-octanoic acid levels ranging from 1 to 8 M. In most patients, the increase in 3-OH-octanoic acid levels was accompanied by an increase in 3-OH-butyrate plasma concentrations (Fig. 4D) . Upon treatment of the diabetic ketoacidosis, the elevated 3-OH-octanoic acid as well as 3-OH-hexanoic acid plasma levels dropped in parallel with the elevated 3-OH-butyrate plasma concentration (Fig. 4E) . Also patients who received a ketogenic diet, which results in an increased rate of ␤-oxidation (23), showed strongly elevated plasma levels of 3-OH-butyrate as well as of 3-OH-octanoic acid (Fig. 4F) .
DISCUSSION
The utilization of fatty acids as energy source requires their lipolytic formation from triacylglycerols stored in adipocytes and their subsequent degradation to acetyl CoA via ␤-oxidation cycles in mitochondria. Each fatty acid oxidation cycle involves the formation of various intermediates, including 3-OH fatty acids (3). In particular, medium chain 3-OH fatty acids have been shown to reach micromolar plasma levels under conditions of defective fatty acid oxidation or increased ␤-oxidation rates (21, 22, 24 ) (see Fig. 4 ). Here we show that 3-OH-octanoic acid is an endogenous ligand of the orphan receptor GPR109B, a G-protein-coupled receptor expressed predominantly in adipocytes of humans but not rodents and closely related to the nicotinic acid and ketone body receptor GPR109A. GPR109B is coupled to G i -type G-proteins mediating an anti-lipolytic effect in adipocytes. We show that 3-OH-octanoic acid inhibits lipolysis and that the 3-OH-octanoic acid plasma concentrations are increased to levels sufficient to activate GPR109B under conditions of increased rates of fatty acid oxidation both under physiological and pathophysiological conditions. Thus, 3-OH-octanoic acid appears to serve as a negative feedback mediator via activation of the anti-lipolytic receptor GPR109B on adipocytes to counteract prolipolytic stimuli in situations of increased fatty acid oxidation.
GPR109A is not activated by 3-OH-octanoic acid, whereas the GPR109A ligands 3-OH-butyrate and nicotinic acid have no activity on GPR109B. There are only a few amino acid differences between GPR109A and GPR109B, which can account for the different ligand selectivity. By systematic mutagenesis, we identified Tyr-86, Val-103, and Phe-107 as the most critical residues for the specific binding of 2-OH-octanoic acid to GPR109B. This is strongly indicated by the fact that a GPR109A mutant in which the corresponding residues are changed into those of GPR109B (GPR109A(N86Y,M103V,L107F)) is activated by 2-OH-octanoic acid with the same potency as GPR109B. The subtle difference in positions 103 and 107 of transmembrane helix 3, a change from methionine to valine and from leucine to phenylalanine, may be required to accommodate the hydroxyl group. The longer side chain of the tyrosine residue in position 86 of GPR109B may stabilize the binding of the aliphatic chain of 2-OH-octanoic acid, although it would interfere with the more bulky ring structure of nicotinic acid.
2-OH fatty acids have been shown to be abundant in mammalian nervous and epidermal tissues and to be components of sphingolipids (25, 26) . In addition, several enzymes have been described that function as 2-OH acid oxidases and are expressed in various human tissues (27) . However, the potential role of 2-OH fatty acids in mammalian metabolism is unclear, and 2-OH fatty acid concentrations high enough to activate GPR109B have not been described.
In contrast, 3-OH fatty acids are produced during ␤-oxidation of fatty acids in various mammalian tissues (3) . Under basal conditions, the plasma concentrations of 3-hydroxylated medium-chain fatty acids are below 0.4 M (24, 28). Although the plasma concentrations may underestimate local levels of 3-OH-octanoic acid, these concentrations are most likely too low to induce an activation of GPR109B. However, various disorders due to defects in mitochondrial fatty acid ␤-oxidation are characterized by elevated 3-OH-octanoic acid levels. In patients with long-chain, medium-chain, and short-chain acylCoA dehydrogenase defects, 3-OH-octanoic acid plasma concentrations as high as 10 M have been reported (21, 22) . It has been noted that independently of the block in free fatty acid oxidation, plasma levels of medium chain 3-OH fatty acids, in particular 3-OH-hexanoic and 3-OH-octanoic acid, are usually increased (21) . Thus, they may be indicators of increased free fatty acid ␤-oxidation. Consistent with this, in patients suffering from diabetic ketoacidosis with strongly increased ␤-oxidation rates, 3-OH-octanoic acid plasma levels are in the micromolar range and correlate with increased 3-OH-butyrate plasma levels (24) (see Fig. 4D ). Thus, under pathological conditions with increased ␤-oxidation flux, 3-OH-octanoic acid plasma concentrations reach levels that activate GPR109B. To analyze their potential physiological role, we determined 3-OH-octanoic acid levels in patients that received a ketogenic diet. Under this condition, which goes along with strongly elevated ␤-oxidation rates (23), a robust increase in 3-OH-octanoic acid plasma concentrations reaching up to 20 M could be observed.
These data clearly indicate that increased 3-OH-octanoic acid plasma levels strongly correlate with increased rates of fatty acid ␤-oxidation both under physiological and pathophysiological conditions. Under conditions of high ␤-oxidation rates 3-OH-octanoic acid levels reach plasma concentrations in the lower micromolar range, a concentration sufficient to activate GPR109B. GPR109B is expressed on adipocytes where it couples via G i -type G-proteins in an inhibitory fashion to ad-enylyl cyclase and thereby mediates anti-lipolytic effects. We think that GPR109B has evolved in higher primates to sense elevated concentrations of 3-OH-octanoic acid as an indicator of high ␤-oxidation rates, which by activation of GPR109B would inhibit free fatty acid release and thereby lower the substrate supply for ␤-oxidation. Therefore, GPR109B may mediate a negative feedback loop that counterbalances prolipolytic stimuli in situations of strongly increased lipolysis and fatty acid oxidation to avoid an excessive lipolysis resulting in the waste of energy.
